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The BMP Homolog Gbb Provides a
Retrograde Signal that Regulates Synaptic Growth
at the Drosophila Neuromuscular Junction
survival of specific presynaptic neurons (see Levi-Mon-
talcini, 1987).
One of the best-characterized groups of retrograde
signals is the neurotrophins, which can promote survival
and differentiation of presynaptic sympathetic and sen-
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influences survival and differentiation (reviewed in Miller
and Kaplan, 2001, 2002; Ginty and Segal, 2002). Several
other neurotrophin-type factors distinct from the NGFSummary
family also appear to induce retrograde signals, includ-
ing glial-derived neurotrophic factor (GDNF), a distantWe show that the BMP ortholog Gbb can signal by a
member of the TGF- family, and cytokines such asretrograde mechanism to regulate synapse growth of
ciliary neurotrophic factor (CNTF), interleukins, and leu-the Drosophila neuromuscular junction (NMJ). gbb
kemia inhibitory factor (reviewed in Neet and Campenot,mutants have a reduced NMJ synapse size, decreased
2001).neurotransmitter release, and aberrant presynaptic ul-
Signals from the postsynaptic cell also have influ-trastructure. These defects are similar to those we
ences on presynaptic neurotransmitter release proper-observe in mutants of BMP receptors and Smad tran-
ties. Innervation of the rat sweat gland, periosteum, andscription factors. However, whereas these BMP re-
pineal gland results in developing sympathetic neuronsceptors and signaling components are required in the
switching their neurotransmitter phenotype from norad-presynaptic motoneuron, Gbb expression is required
renergic to cholinergic and peptidergic in response toin large part in postsynaptic muscles; gbb expression
signaling by target-derived factors (Habecker et al.,in muscle rescues key aspects of the gbb mutant phe-
1996, 1997; Asmus et al., 2000; Anderson et al., 2002).notype. Consistent with this notion, we find that
Numerous retrograde signals have also been implicatedblocking retrograde axonal transport by overexpres-
in regulating different aspects of synaptic plasticity (re-sion of dominant-negative p150/Glued in neurons in-
viewed in Wheal et al., 1998), including neurotrophinshibits BMP signaling in motoneurons. These experi-
(Kang and Schuman, 1995; Patterson et al., 1996; Wangments reveal that a muscle-derived BMP retrograde
and Poo, 1997), nitric oxide (Huang, 1997), adhesionsignal participates in coordinating neuromuscular
molecules such as NCAM (Hoffman, 1998; Wright etsynapse development and growth.
al., 2002), and endocannabinoids (Davies et al., 2002;
Kreitzer and Regehr, 2002).Introduction
Invertebrates also make use of retrograde signals
to coordinate developmental and activity-dependent
Neurons and their postsynaptic targets communicate changes in the structural and physiological properties
through an intricate crosstalk of signals. A multitude of synapses (reviewed in Davis and Murphey, 1994a,
of anterograde signals define many properties of the 1994b; Landmesser, 1998; Davis and Goodman, 1998a).
postsynaptic cell (reviewed in Malenka and Siegelbaum, The neuromuscular junction (NMJ) of the Drosophila
2000), while retrograde signals from postsynaptic cells larva has proven an excellent model system to study
influence the growth, maturation, and function of the synaptogenesis and synaptic plasticity. NMJ synapses
presynaptic neuron (reviewed in Fitzsimonds and Poo, are established during embryogenesis, and they accom-
1998; Tao and Poo, 2001; Sheng and Kim, 2002). For modate the increase in muscle size during larval devel-
example, over 50 years ago it was demonstrated that opment by increasing the number of synaptic boutons
certain postsynaptic cells produce the neurotrophic fac- and number of active zones per bouton, hence main-
tor nerve growth factor (NGF) that is required for the taining synaptic efficacy (Stewart et al., 1996; Zito et al.,
1999). Mutant analysis and genetic manipulation have
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tic University, Boca Raton, Florida 33431. maintain synaptic homeostasis (Petersen et al., 1997;
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Davis and Goodman, 1998b; DiAntonio et al., 1999; Par- Results
adis et al., 2001).
Recently, we have described a role for a BMP recep- gbb Mutants Show Alterations of P-Mad
tor, Wishful Thinking (Wit), in regulating synaptic growth Accumulation in Motor Neurons
and function at the NMJ (Aberle et al., 2002; Marque´s We have previously shown that growth of the synapse
et al., 2002). BMPs are members of the TGF- superfam- at the NMJ requires Wit which initiates a BMP signal
ily of secreted polypeptides that have been implicated (Aberle et al., 2002; Marque´s et al., 2002). Three of the
in the control of a wide variety of developmental, physio- seven Drosophila ligands, Dpp, Scw, and Gbb, show
logical, and pathological processes in metazoans (re- clear phylogenetic association with the BMP subfamily
viewed in Massague et al., 2000). The BMP signaling of TGF- type factors (Newfeld et al., 1999). Of these
module is extraordinarily well conserved, to the point of three ligands, only Gbb is expressed in late embryos in
functional equivalence between vertebrates and inverte- a pattern consistent with a possible role at the NMJ.
brates (Raftery and Sutherland, 1999). gbb RNA is expressed ubiquitously in late embryos,
We have previously shown that the type II BMP recep- showing significant accumulation in developing muscles
tor Wit is strongly expressed in the nervous system. after stage 14 (Figures 1A and 1B) as well as weak
Elimination of Wit signaling results in small NMJ syn- expression in the CNS (stage 17, Figure 1A). As a first
apses with aberrant synaptic bouton ultrastructure, se- test of whether Gbb is required for proper NMJ function,
vere impairment of synaptic transmission, and lethality. we examined the distribution of P-Mad in a number of
Restoration of Wit in the presynaptic motoneurons but gbb mutant backgrounds. We have previously shown
not the postsynaptic muscles rescues all aspects of that P-Mad specifically accumulates in motoneuron nu-
the wit loss-of-function phenotype (Aberle et al., 2002; clei beginning at embryonic stage 15. This accumulation
Marque´s et al., 2002). We and others have found that of P-Mad is absent in mutants of the BMP receptors
Wit signals together with the type I BMP receptors Wit, Tkv, and Sax (Marque´s et al., 2002). gbb1 and gbb2
Thickveins (Tkv) and Saxophone (Sax) through a cas- mutant alleles both contain stop codons in the early
cade that includes the signal transducing molecules portion of the ligand domain (Wharton et al., 1999) and
Mad and Medea (B.D.M., H. Aberle, M.B.O., and C.S.G., are presumed null alleles. In contrast, gbb4 is a missense
unpublished data; Sweeney et al., 2002). Tkv, Sax, Mad, mutation in the prodomain and is a hypomorphic allele
and Medea, like Wit, are required in the presynaptic (Wharton et al., 1999). We found that gbb1/gbb1 (data
cell for proper regulation of NMJ synaptic growth, and not shown) or gbb1/gbb2 mutant embryos show very
mutants have similar defects in synapse ultrastructure little P-Mad accumulation in motoneurons (Figure 1C
and neurotransmitter release to those we observed in versus 1D). Accumulation of P-Mad in the gastric cecae
wit mutants (B.D.M., H. Aberle, M.B.O., and C.S.G., un- and midgut is still observed in gbb mutants, consistent
published data). We also found that the Tkv receptor with these tissues receiving their primary BMP-type sig-
is concentrated at the neuromuscular junction. These nal from Dpp (Panganiban et al., 1990; Capovilla et al.,
results suggested to us that Wit, Tkv, and Sax act in 1994). In contrast, the gbb1/gbb4 mutant combination
motoneurons as presynaptic receptors for a muscle- shows reduced but clearly detectable P-Mad accumula-
derived BMP ligand that coordinates the growth of neu- tion in motoneurons, consistent with gbb4 being a hypo-
romuscular junction synapses with muscles. morphic allele (Figure 1E).
In this report, we extend on these studies to identify
one of Wit’s ligands. We find that mutations in the pre-
gbb Mutants Have Defects in Synapse Growthviously described BMP gene glass bottom boat (gbb)
and Functionphenocopy many of the wit mutant defects, including
The previous results suggested that Gbb might be athe elimination of phosphorylated Mad (P-Mad) accumu-
component of the signal that results in P-Mad accumula-lation in motoneurons, reduced NMJ size, decreased
tion in motoneurons. Since synaptic morphology andsynaptic transmission, and aberrant synapse ultrastruc-
function appear to be directly regulated by P-Mad tran-ture. In cell culture assays, we show that Gbb can stimu-
scriptional control, we expected that gbb mutantslate Mad phosphorylation in cells where Wit is the sole
should exhibit NMJ synaptic defects similar to thosetype II receptor, demonstrating that Gbb can function
produced by mutations in Wit, Sax, and Mad (Aberle etas a ligand for Wit. In vivo, Gbb is expressed in both
al., 2002; Marque´s et al., 2002). These defects includethe CNS and muscles, and we find that restoring Gbb
physiological aberrations, such as a reduction in neuro-expression in muscle can partially rescue some key as-
transmitter release, in addition to NMJ morphologicalpects of the synaptic defects found in gbb mutants.
and ultrastructural defects. To see if similar defects areOther phenotypes of gbb mutants, particularly defects
found in gbb mutant animals, we initially examined thein neurotransmission, can be rescued by expression of
gbb1/gbb4 hypomorphic combination, since a significantGbb either pre- or postsynaptically. Blocking dynein/
number of these animals survive to the third larval instardynactin interactions eliminates P-Mad accumulation
stage while very few null gbb1/gbb2 mutant animals do.in motoneurons but not other cell types, implying the
We examined both the spontaneous and evoked neuro-involvement of a retrograde transport process in trans-
transmitter release of gbb mutants and wild-type con-ducing the Gbb signal. Taken together, these results
trols by intracellular recordings from muscle 6 of seg-support a model in which Gbb acts at the NMJ as a
ment A3 (see Experimental Procedures). We found thatmuscle-secreted retrograde signal that binds to Wit and
gbb1/gbb4 mutants exhibited a slight but consistent re-the type I receptors Tkv and Sax located in motoneuron
duction in neurotransmitter release (data not shown).terminals to ensure proper synaptic structural matura-
tion during larval growth. We also examined synaptic morphology in these mu-
gbb Retrograde Signal
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Figure 1. Gbb Is Expressed in the CNS and Muscles, and P-Mad Accumulation in Motoneurons Is Reduced in gbb Mutant Embryos
(A) In situ expression pattern of gbb in a wt (yw) stage 16 embryo. The embryo is mounted with anterior on top and is viewed from the ventral
side so that the CNS is readily visible.
(B) A higher magnification of a similarly staged embryo, viewed from the same perspective, showing muscle-specific staining (black arrow).
(C–F) P-Mad accumulation in motoneurons (yellow arrow) and the gut (white arrow). All embryos are mounted with anterior to the left and are
viewed from the ventral side to highlight the CNS. (C) Wild-type, (D) gbb1/gbb2, (E) gbb1/gbb4, and (F) gbb1/gbb2 containing a UAS gbb
transgene.
tants and found a small reduction in synaptic bouton UASgbb99/gbb2 embryos show less accumulation of
P-Mad in embryonic motor neurons than do gbb1/gbb4number (data not shown). We examined serial cross
hypomorphic mutants, confirming that they receive littlesections of both wild-type and gbb1/gbb4 mutant synap-
BMP signal (Figure 1F).tic boutons at muscles 6 and 7 of third instar larva by
We examined NMJ synapse size in this gbb mutantelectron microscopy. Gross synaptic ultrastructure ap-
combination. These gbb mutants had reduced musclepeared normal apart from a small population of large
size compared to wild-type animals, so to correct forvesicles distinct from and unlike synaptic vesicles. We
this, we normalized by dividing the number of synapticdid find occasional aberrant cytoplasmic electron-
boutons by muscle surface area (Schuster et al., 1996a).dense structures that can cluster synaptic vesicles,
We found that both synapse size and synaptic boutonwhich we have previously dubbed “T bodies” (Figure
numbers were greatly reduced in these mutants when2F) (Aberle et al., 2002). When we examined the active
compared to wild-type (Figure 2A versus 2B and Figurezones of gbb1/gbb4 mutants, we found intermittent de-
2C versus 2D). The reduction in the number of synaptictachments between pre- and postsynaptic membrane
boutons resembles that observed in wit mutants.(Figure 2H). We quantified the synaptic bouton charac-
Since NMJ growth was disrupted in gbb1, UASgbb99/teristics of gbb mutant synapses and compared them
gbb2 mutants, we wished to examine synaptic functionto the characteristics of wild-type boutons (Table 1). We
by measuring neurotransmitter release. We observed afound that gbb mutant boutons are approximately the
severe decrease in the amplitude of evoked excitatorysame size as wild-type boutons; however, the bouton
junctional potentials (EJP) in this gbb mutant combina-surface area per active zone is increased in these mu-
tion when compared to wild-type (8.03mV  1.36mV in
tants. We also noted that the bouton surface area per
gbb1/gbb2, UASgbb99 versus 28.53mV  1.42mV in
T bar is decreased in gbb mutants when compared to wild-type, n 10). We also examined the amplitude and
wild-type boutons. When the ultrastructural characteris- frequency of spontaneous miniature excitatory junc-
tics of gbb mutant synapses are compared to those tional (mEJP) potentials in these mutants. We found that
of wit mutants (Table 1), we see a striking similarity, gbb1, UASgbb99/gbb2 mutants have a small increase
consistent with both of these proteins being involved in in mEJP amplitude (1.09mV  0.06mV in gbb1/gbb2,
the same signaling pathway at the NMJ. UASgbb99 versus 0.9mV  0.01mV in wild-type, n 
In an effort to generate strong gbb mutant animals that 10) and a reduction in the frequency of spontaneous
bypass the early lethality, we found that the presence of release when compared to wild-type (1.02 Hz  0.04 in
the UAS-gbb99 transgene alone, in the absence of a Gal4 gbb1/gbb2, UASgbb99 versus 2.51 Hz  0.16 in wild-
driver, enabled a significant fraction of the gbb1/gbb2 type, n  10). When we measured quantal content, we
mutant animals to survive to the third instar stage. Many found that gbb mutant synapses released 4-fold less
of these animals die during early pupal development, neurotransmitter than wild-type synapses (7.53mV 
and none survive to the pharate stage or eclose as do 1.29mV in gbb1/gbb2, UASgbb99 versus 31.8mV 
gbb1/gbb4 animals. These observations suggest that 1.5mV in wild-type, n  10). These results demonstrate
these transgene-containing gbb mutant animals have a that Gbb is required for both the growth and function
more severe gbb loss-of-function than gbb1/gbb4 ani- of neuromuscular synapses and are consistent with Gbb
being a ligand for the Wit, Tkv, and/or Sax receptors.mals. Consistent with this view, we find that the gbb1,
Neuron
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Figure 2. gbb Mutant Larva Have Small Neu-
romuscular Junctions and Synaptic Ultra-
structure Defects
Wild-type (A and C) and gbb1/gbb2, UASgbb
mutant (B and D). NMJ synapses visualized
with Cd8-GFP-Sh (Zito et al., 1999) at muscles
6 and 7 (A and B) and muscle 4 (C and D). gbb
mutants have dramatically reduced synapse
size and fewer synaptic boutons. (E and F)
Electron micrographs depicting cross sec-
tions through a type-I bouton on muscle 6
in wild-type (E and G) and gbb1/gbb4 mutant
larvae (F and H). The subsynaptic reticulum
(SSR), active zones (asterisks), and mito-
chondria (m) are marked. A cytoplasmic, elec-
tron-dense T body particle (arrow) with clus-
tered synaptic vesicles is visible in gbb
mutants (F). (G and H) Higher magnification of
active zones of wild-type (G) and gbb mutants
(H). The close apposition of the pre- and post-
synaptic membrane found in wild-type (be-
tween arrowheads) is disrupted in gbb mu-
tant active zones. Areas of the presynaptic
membrane are detached (arrows), adjacent
to areas of normal appearance (arrowheads)
in gbb mutant active zones (F).
Gbb Can Signal through Wit nant-negative receptor is able to bind Gbb, then its over-
expression should titrate Gbb away from endogenousTo determine if Wit can function as a Gbb receptor, we
utilized two different cell culture approaches. Initially, receptors into nonsignaling complexes and thereby re-
duce the amount of P-Mad signal. In control experimentswe asked whether Gbb could stimulate phosphorylation
of Mad in Drosophila S2 cells. We have previously shown using Dpp (Figure 3A), we find that transfection of S2
cells with either dominant-negative Punt or dominant-that the addition of Dpp to S2 cells transfected with
Mad leads to accumulation of P-Mad (Ross et al., 2001; negative Tkv dramatically reduces the P-Mad signal.
However, transfection with dominant-negative Baboon,Figure 3A, top panel). We find that adding Gbb to Mad-
transfected S2 cells also results in stimulation of Mad a type I receptor for activin (Brummel et al., 1999), had
no effect, nor did the transfection of dominant-negativephosphorylation (Figure 3A, middle panel). Using this
assay, we then cotransfected various receptors that Sax or dominant-negative Wit. These results are consis-
tent with previous in vivo data suggesting that Tkv andhave truncations within their kinase domains. These re-
ceptors behave in a dominant-negative fashion when Punt are the primary Dpp receptors, while Baboon is an
activin receptor (Brummel et al., 1999; Haerry et al.,expressed in Drosophila (Haerry et al., 1998). If a domi-
Table 1. Morphometric Data for Muscle 6/7 Boutons of Third Instar Wild-Type, glass bottom boat, and wishful thinkinga Larvae
Bouton Surface Area Bouton Surface Area T Bodies % Detachment of
n T Bars per Active Zone per Active Zone (m2) Per T Bar (m2) Per Bouton Presynaptic Membrane
Wild-type 18 0.61  0.03 1.01  0.08 1.73  0.19 0.0 3  1 (n  16)
gbb 6 1.32  0.19* 1.52  0.33* 1.13  0.10 1.5  0.9 27  4 (n  21)
wit 17 1.28  0.14 2.01  0.25 1.78  0.29 2.4  0.7 44  3 (n  22)
* p  0.001 for T bars per active zone; p  0.05 for bouton surface area per active zone, compared to wild-type, Student’s t-test.
a From Aberle et al. (2002).
gbb Retrograde Signal
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Figure 3. Gbb Can Bind to and Signal
through Wit
(A) P-Mad accumulation in S2 cells trans-
fected with the indicated dominant-negative
receptors in response to added Dpp and Gbb.
In this experiment, the cells were split into
two equivalent samples after transfection
with Mad and dominant-negative receptors.
One sample received Dpp and the other re-
ceived Gbb, thereby eliminating any variation
in the expression levels of receptors between
the two samples.
(B) Gbb can signal through Wit in the absence
of Punt. S2 cells were transfected with Mad
and/or Wit and then treated with double-
stranded RNAi. The top panel shows the lev-
els of P-Mad in response to the presence
or absence of Gbb (/). The middle panel
shows the total level of Mad protein using an
anti-Flag antibody to detect transfected Mad-
Flag. The bottom panel shows that trans-
fected Wit is expressed in S2 cells by detec-
tion of the HA tag on Wit, using an anti-HA
antibody.
(C) A wild-type yw wing.
(D) A wing in which a kinase-deleted form of Wit is expressed using the A9Gal4 driver (Haerry et al., 1998). Arrows indicate loss of the
posterior crossvein and truncation of vein L5.
(E) A wing from a gbb1/gbb4 animal.
1998). In contrast, when Gbb is used as the stimulating tissues is required for proper synaptic growth, or if only
one serves as the primary source of the ligand. To ad-ligand, dominant-negative Tkv and Baboon had little
effect, while dominant-negative Sax, Punt, and Wit were dress this issue, we used the conditional Gal4/UAS sys-
tem expression system (Brand and Perrimon, 1993) toable to efficiently block signaling. We also overex-
pressed dominant-negative Wit in Drosophila wings’ selectively restore gbb expression in various tissues.
When the daughterless (da) Gal4 driver (Wodarz et al.,discs, and as shown in Figure 3D, this results in a wing
phenotype very similar to that produced by loss of gbb 1995) is used to ubiquitously express Gbb, we find es-
sentially normal accumulation of P-Mad in the CNS, be-signaling in gbb1/gbb4 hypomorphic animals (Figure 3E).
When dominant-negative Wit is overexpressed at the ginning at stage 15 (data not shown). In contrast, using
the elav driver (Lin and Goodman, 1994) that is ex-NMJ it phenocopies wit and gbb mutants (Aberle et al.,
2002), further supporting the suggestion that Gbb binds pressed in most, if not all, differentiated neurons, we see
little rescue of P-Mad accumulation in gbb1 homozygousto Wit both in vitro and in vivo.
While cell culture assays suggested different specific- embryos at early stages (Figure 4B). However, by late
stage 17, significant but reduced expression of P-Madity patterns for binding among the different BMP recep-
tors for the Dpp and Gbb ligands, they do not reveal can be found in all motoneurons (Figure 4F). In contrast
24BGal4, which is expressed in muscles and a limitedwhether Wit can act as a functional type II receptor for
Gbb. To address this issue, we again used the P-Mad number of midline neurons (Brand and Perrimon, 1993),
restores both the timing and accumulation of P-Mad tosignaling assay, but this time we RNAi treated the S2
cells prior to ligand addition to eliminate endogenous near normal levels (Figures 4C and 4G). When the mus-
cle-specific Mef2Gal4 driver (Ranganayakulu et al.,punt expression. By RT-PCR, we have found that S2
cells express punt, tkv, and sax but not wit (Osamu 1996) is used to express Gbb, P-Mad rescue in stage
15 embryos is much better than with the elav driver andShimmi, M.L.C., and M.B.O., unpublished data). Consis-
tent with the observation that punt is the only type II essentially normal by late stages (Figures 4D and 4H).
These results are consistent with Gbb being requiredreceptor expressed in S2 cells, we find that prior treat-
ment of these cells with punt RNAi greatly reduces predominantly in muscles to induce P-Mad accumula-
tion in motoneuron nuclei but indicate that Gbb produc-P-Mad accumulation in response to Gbb (Figure 3B) or
Dpp (data not shown) addition. In contrast, if the punt tion by neurons might also be important. To further ex-
amine the role of Gbb in synapse growth and function,RNAi-treated cells are also simultaneously transfected
with Wit, then P-Mad accumulation is restored when we restored Gbb in the neurons or in the muscles of
gbb1/gbb2 mutants using the Gal4 system. For nervousGbb is added to the medium. These results demonstrate
that in tissue culture Gbb can produce a functional signal system expression, we used either the panneuronal
using Wit as a type II receptor. elavGal4 driver or the motoneuron driver BG380Gal4
(Budnik et al., 1996), while for muscle expression we
used G14Gal4 (Aberle et al., 2002). We found that res-Gbb Expression in Either Muscles or Motoneurons
Can Partially Rescue NMJ Synaptic Defects toration of Gbb in muscles of gbb mutants substantially
rescued synapse size and synaptic bouton number (Fig-Since Gbb mRNA is expressed in both muscles and
neurons, it was not clear whether expression in both ure 5C). Restoration of Gbb in the neurons of gbb mu-
Neuron
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Figure 4. Expression of gbb in Muscles versus Neurons Differentially Rescues P-Mad Accumulation in Motoneurons
All embryos are mounted with anterior on the left and are stained with the anti-P-Mad antibody. Top row: stage 15 embryos. Bottom row:
stage 17 embryos. (A and E) Wild-type. (B and F) gbb1, elavGal4/gbb2, UAS-gbb. (C and G) gbb1/gbb2, UAS-gbb, 24BGal4. (D and H) gbb1,
mef2Gal4/gbb2, UAS-gbb.
tants also partially rescued the number of synaptic bou- using elavGal4, we find a strong block in the accumula-
tion of P-Mad in motoneurons (Figure 7A versus 7B).tons (Figure 5B) but to a much lesser extent than muscle
rescue (Figure 5D). When we examined neurotransmitter Staining with the anti-Fas II antibody reveals that motor
neurons fasciculate properly and innervate appropriaterelease in the animals, we found that restoration of Gbb
in either muscles or motoneurons could partially rescue target muscles. Thus, there is not a general disruption in
the architecture of the CNS or motoneurons in particularlevels of neurotransmitter release to a similar extent
(Figures 6C and 6D). However, when we restored Gbb that is indirectly responsible for the loss of P-Mad accu-
mulation. Furthermore, if these animals are allowed tousing a panneuronal driver, we completely recovered
synapse function (Figure 6E). These results suggest that develop to the third instar stage they exhibit small syn-
apses at the NMJ reminiscent of those produced bythe predominant requirement for Gbb in synapse struc-
tural growth is in muscles but indicate that a presynaptic mutations in wit or gbb (Figure 7E versus 7F), as well
as detachments of the pre- and postsynaptic membranerequirement for Gbb may also be important for neuro-
transmitter release. around active zones (Eaton et al., 2002). To demonstrate
that these effects on P-Mad accumulation are not the
result of a general interference with P-Mad transportDisruption of the Dynein/Dynactin Complexes
from the cell cytoplasm to the nucleus, we also expressedAlters BMP Signaling in Motoneurons
	Gl in all cells using daGal4 (Figure 7C) or specificallyGiven that TGF-s are secreted proteins and since gbb
in the gut (Figure 7D) using the Y45Gal4 driver (Whar-is widely expressed in Drosophila (Figure 1; Doctor et
ton et al., 1999). When using daGal4 as a driver, theal., 1992; Wharton et al., 1991), including in secretory
only tissue in which P-Mad accumulation is affected istissues such as the neural hemal organ and the ring
the CNS. No effect on P-Mad accumulation is seen ingland (G.M. and M.B.O., unpublished data), it is possible
epidermis, gut, or gastric cecae. In the case of the gut,that circulating Gbb might bathe all tissues under en-
this is not likely to be caused by low expression of 	Gldogenous conditions. The partial rescue of synaptic de-
in this tissue relative to the CNS, since the Y45 driver,fects by muscle-specific expression of Gbb could po-
which is know to be strongly expressed in the gut, alsotentially be explained by an indirect mechanism that
results in no effect on P-Mad accumulation in this tissue.does not involve signaling at the synapse. If enough
We conclude that P-Mad accumulation in motoneuronsGbb was able to make its way from muscle tissue into
is most sensitive to disruption of dynein motor function,the hemolymph, for example, then circulating Gbb may
consistent with the notion that BMP signaling in thesebe able to act directly on the motoneuron cell bodies
cells requires retrograde transport of at least one com-to affect synaptic growth. To help address this issue,
ponent of the pathway as part of its signal transductionwe overexpressed a truncated form of p150/Glued (	Gl),
mechanism.in either neurons using the elav-Gal4 driver or in all
cells, using the ubiquitously expressed daGal4 driver.
Overexpression of 	Gl has been previously shown to Discussion
block the assembly of dynein retrograde motors with
their cargos, leading to the development of “road- During Drosophila larval growth, muscle surface area
increases dramatically, on the order of 100-fold. To main-blocks,” in which transported proteins collect at jams
within axons (Martin et al., 1999). These jams can ulti- tain constant synaptic output, nerve terminals adjust
both bouton number and active zones per bouton tomately interfere with both anterograde and retrograde
transport. When 	Gl is overexpressed in all neurons compensate for the increase in muscle size during de-
gbb Retrograde Signal
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Is Gbb Just a Retrograde Signal?
The partial rescue of P-Mad accumulation, bouton num-
ber, and neurotransmission when Gbb is expressed in
muscles is consistent with the notion that Gbb can pro-
vide a retrograde signal from the synapse to the neuron
cell body. Although our data indicate that a component
of the BMP signal is provided by a retrograde mecha-
nism, an additional signal also seems to be required
in either the motoneuron cell body or the CNS. Gbb is
expressed in the CNS in addition to muscle. Resupplying
Gbb in the muscles of gbb mutants does significantly
restore P-Mad accumulation in motoneurons; however,
rescue either ubiquitously or in both the CNS and muscle
is significantly better than muscle rescue alone. Further-
more, complete rescue of the defects of neurotransmit-
ter release in gbb mutants can be achieved by restora-
tion of Gbb in all neurons, but only partially by restoration
in muscles or in motoneurons alone. This contrasts with
the requirement of Gbb for neuromuscular junction growth,
which appears to primarily require muscle expression.
It is possible that this is a quantitative issue; however,
staining with a Gbb antibody suggests that both the
muscle and elav drivers provide much higher levels of
Gbb protein than is present under endogenous condi-
tions (data not shown). Thus, full rescue may require
BMP signaling in both the CNS and at the synapse.
The retrograde requirement for Gbb in synapse struc-
tural growth is further supported by experiments inhib-
iting dynein motor function by overexpression of 	Gl
by us and others. RNAi-mediated depletion of Arp-1/
centractin as well as overexpression of dominant P150/
Glued reveal a requirement for dynactin to stabilize NMJ
synapses (Eaton et al., 2002). The degree of net synapse
growth appears to be determined by a balance of syn-
apse expansion and retraction (Eaton et al., 2002). Ex-
pression of a dominant-negative Glued protein in the
presynaptic cell reduced synaptic bouton number and
produced synaptic ultrastructure defects, which are re-
markably similar to those we describe for mutations in
the BMP signaling pathway (Aberle et al., 2002; Marque´s
et al., 2002). These ultrastructure defects include mem-
brane detachments along active zones and increased
numbers of large vesicles in the presynaptic nerve (Ea-
Figure 5. Rescue of Neuromuscular Junction Size in gbb Mutants ton et al., 2002). Two possible models were put forth to
by Postsynaptic Expression of Gbb explain the requirement for dynactin at nerve termini:
(A–C) Confocal images of neuromuscular junctions of muscle 6 and either it affects local properties, perhaps by altering
7 labeled with anti-synaptotagmin. microtubule stability and dynamics, or it interferes with
(A) NMJ of gbb1/gbb2, UASgbb mutant larva.
a retrograde signal (Eaton et al., 2002). These models(B) NMJ of gbb1/gbb2 mutant expressing Gbb in all neurons (gbb1,
are not mutually exclusive and, as described here, weelavGal4/gbb2, UAS-gbb) can partially rescue NMJ size.
have found that presynaptic expression of 	Glu inter-(C) Restoring expression of gbb in muscles rescues NMJ size and
the number of synaptic boutons (gbb1, G14Gal4/gbb2, UASgbb). feres with accumulation of P-Mad in motoneurons. This
(D) Number of synaptic boutons on muscle 6 and 7 divided by leads us to conclude that at least some portion of the	Gl
muscle surface area in wild-type, gbb mutants, and gbb mutants overexpression phenotype is attributable to interference
that have been rescued either in neurons or muscle. with the retrograde BMP signal. We suggest that per-
**p  0.01
haps 	Gl-induced retraction defects result from local
disruptions in microtubule stability as suggested by Ea-
ton et al. (2002), while other phenotypes, such as re-
velopment (Schuster et al., 1996b; Zito et al., 1999). In duced bouton number and active zone defects, are the
this paper, we provide evidence that Gbb, a BMP-type result of disruption in BMP signaling. When synaptic
ligand, is produced in muscles and signals in part by a function was examined in animals overexpressing domi-
retrograde mechanism through BMP receptors located nant P150/Glued, quantal content was found to be re-
in presynaptic nerve terminals to regulate synaptic duced by 40%; however, mEJP amplitude and frequency
growth and function at the Drosophila neuromuscular was unaffected (Eaton et al., 2002). This contrasts with
our findings for mutants of gbb where we find an 85%junction.
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Figure 6. Neurotransmission in gbb Mutants
Can Be Rescued by Panneuronal Expression
of Gbb
(A) Representative traces of evoked and
spontaneous potentials from wild-type, gbb1/
gbb2, UASgbb mutant larva, and gbb mu-
tants rescued with muscle (gbb1, G14Gal4/
gbb2, UASgbb), motorneuron (BG380Gal4;
gbb1/gbb2, UASgbb) or panneuronal (gbb1,
elavGal4/gbb2, UASgbb) expression of
gbb. The upper five panels show an average
of ten consecutive EJPs (at 0.5 Hz) for each
genotype. The lower five panels show contin-
uous recordings of mEJPs in the absence of
stimulation. Calibration: 5mV/20 ms upper
panels; 2.5mV/200 ms lower panels.
(B–E) Bar graph representations of mean val-
ues for mEJP amplitude. (B) mEJP amplitude,
(C) EJP amplitude, (D) mEJP frequency, and
(E) quantal content for each of the above
genotypes. Statistical signficance: *p  0.05;
**p  0.001.
reduction in neurotransmitter release but also a 3-fold and controls the FMRFa peptidergic phenotype of Tv
neurons. As is found here, expression of dominant-neg-decrease in mEJP frequency. This is consistent with a
disconnect between the retrograde requirement for Gbb ative Glued also blocked the Gbb signal, providing evi-
dence that this signal may also be retrograde (G.M. andin synapse structural growth and the requirement for
Gbb in neurotransmitter release. M.B.O., unpublished data). In an accompanying paper
we show that an unknown retrograde signal that controlsIt is interesting to note that bilateral NMJ signaling is
not without precedent. Recently, Wingless (Wg) has the homeostasis of neurotransmitter release at the NMJ
is modulated by postsynaptic CaMKII (Haghighi et al.,been shown to be essential for both pre- and postsynap-
tic differentiation (Packard et al., 2002). In this case, Wg 2003). This homeostatic retrograde signal requires pre-
synaptic Wit implicating BMP signaling in this form ofis made in the presynaptic cell, but its dual pre- and
postsynaptic requirement indicates that either it signals plasticity though it remains to be determined if Gbb is
involved.in both an autocrine and juxtacrine manner or that the
postsynaptic cell sends back a second signal that is
responsible for presynaptic differentiation. Likewise, The Nature of the Retrograde Signal
Several molecules that act as retrograde signals haveGbb may have both a pre- and postsynaptic role. It is
unlikely that Wg is regulating the Gbb signal, since we recently been described (reviewed in Fitzsimonds and
Poo, 1998; Sheng and Kim, 2002), and they can generallystill see accumulation of P-Mad in motoneurons of wg
mutants (M.B.O., unpublished data). It remains to be be divided into two classes: those that signal locally at
the synapse and do not require a direct transcriptionaldetermined if Gbb might influence the Wg signal.
Gbb may also have a general role as a retrograde response and those in which the signal must be propa-
gated up the axon to the nucleus to effect a change.signaling ligand in the CNS, since we have also recently
found that Gbb is required for specifying the FMRFa Among the former, endocannabinoids are released from
certain cerebral postsynaptic neurons and diffusepeptidergic phenotype of Tv neurons (G.M., M.B.O., un-
published data). Tv neurons innervate a specialized se- across the synaptic cleft to activate presynaptic CB1,
a G protein-coupled receptor that suppresses presyn-cretory structure known as the neurohemal organ (NHO)
that is responsible for systemic release of FMRFa pep- aptic calcium channels inhibiting neurotransmitter re-
lease. The result is rapid depolarization-induced sup-tides. In this case, the Gbb signal originates in the NHO
gbb Retrograde Signal
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Figure 7. Expression of Dominant-Negative Glued Eliminates P-Mad Accumulation in Motor Neurons and Results in Small Synapses
(A) Wild-type stage 17 embryo stained for P-Mad (green) and FasII expression.
(B) Expression of 	Gl using the elav driver. Note the loss of P-Mad staining in the CNS.
(C) Expression of 	Gl using the daughterless driver. Note specific loss of P-Mad in the CNS versus the gastric ceca or gut (arrows).
(D) Expression of 	Gl in the gut using the Y45 driver does not interfere with P-Mad accumulation in the gut.
(E and F) Boutons at muscle 6 and 7 stained with anti-csp. (E) Wild-type and (F) OK6 driving 	Gl.
pression of inhibition that likely results from direct port of survival signals (MacInnis and Campenot, 2002),
suggesting that there may be other mechanisms toinhibition of the Ca2 channel itself rather than through
second messengers or a genomic response (reviewed transmit long-range signals through axons. It is not clear
in this case whether activated Trks can form a novelin Wilson and Nicoll, 2002).
In contrast to this purely local mechanism, target- type of signaling vesicle in the absence of NGF internal-
ization or whether some other mechanism is responsi-derived neurotrophins such as NGF and BDNF appear
to act both locally to promote axonal outgrowth and ble. The fact that some activated Trk can be found in
cell bodies in response to NGF addition to distal axonspathfinding and at long distance to promote neuron sur-
vival (reviewed in Miller and Kaplan, 2001, 2002; Ginty with very rapid kinetics has lead to the “wave propaga-
tion” model (Senger and Campenot, 1997; Neet andand Segal, 2002). Neurotrophins signal through a dis-
tinct subfamily of receptor tyrosine kinases known as Campenot, 2001). In this scenario, NGF stimulation of a
subset of Trk receptors leads to a rapid ligand-indepen-Trks (Kaplan et al., 1991a, 1991b; Klein et al., 1991). A
widely accepted signaling mechanism posits that the dent lateral-signaling wave that activates adjacent
membrane bound receptors. Such a mechanism hasligand-receptor complexes internalize at axon terminals
into vesicles known as “signaling endosomes” (Beattie been documented for the EGF receptor Erb1 (Verveer
et al., 2000). Thus, it seems probable that there couldet al., 1996; Grimes et al., 1996). These endosomes,
containing activated Trks and at least some ligand, are be multiple ways in which retrograde signals may be
propagated from the axon termini to the cell body andthen transported along microtubules by dynein motors
to the cell body, where they stimulate appropriate nu- that these may be exploited for different purposes.
In the case of the BMP signal that we describe here,clear responses to ensure neuron survival. The evidence
supporting this model includes direct detection of ligand the finding that a high accumulation of P-Mad is detect-
able in motoneuron nuclei when Gbb is resupplied toand activated receptors, as well as signaling inhibition
by retrograde transport disruption (for recent reviews, nerve terminals from the postsynaptic muscle cell im-
plies that a retrograde signal likely contributes to P-Madsee Ginty and Segal, 2002; Miller and Kaplan, 2002).
Recently, the compartmented culture condition has nuclear localization. Consistent with this view is the ob-
servation that blocks in the dynein/dynactin motor com-been used to show that NGF attached to beads that
cannot be internalized also results in long-range trans- plex also disrupt P-Mad accumulation similar to what
Neuron
250
has been reported for transport of activated Trks (Wat- of various signaling components at the level of the endo-
son et al., 1999; Yano et al., 2001). Since Mad and Medea some. If these endosomes are capable of binding to
mutants also display NMJ defects that are very similar dynein motors, then, like the Trk containing endosomes,
to those exhibited by receptor and ligand mutants, it they may also be transported along microtubules back
seems likely that the majority of these defects result to the cell body. Other models, such as wave activation
from the lack of the retrograde signal itself as opposed of receptors, may also be possible, although if this is
to some being caused by the lack of a hypothetical local the case, then it is not clear why overexpression of 	Gl
signal (B.D.M., H. Aberle, M.B.O., and C.S.G., unpub- should interfere with BMP signaling as described above.
lished data). As is the case for Trks, a signaling endo-
some consisting of activated heteromeric receptor com- Is Gbb the Only TGF- Ligand that Regulates
plexes containing Gbb, Wit, Tkv, and Sax might be Synaptic Growth and Function?
transported back to the cell body where they would Although our loss-of-function and rescue experiments
phosphorylate cytoplasmic Mad, resulting in its translo- clearly demonstrate that Gbb is required for proper syn-
cation to the nucleus. Alternatively, nonphosphorylated aptic development at the NMJ, it is not certain that it is
Mad may first be transported anterogradely to the nerve. the only TGF--type ligand or indeed the primary ligand
Subsequent to phosphorylation at the NMJ, it may then that regulates this process. The electrophysiological
be selectively transported in a retrograde fashion back and ultrastructure defects observed in gbb mutant syn-
to the cell body. apses are not as severe as those found in wit null mu-
In support of a possible endosome model, recent tants. This could simply reflect our inability to produce
studies of TGF- signaling in Mv1Lu and Cos-7 cells true null animals that survive to the third instar stage,
indicate that Smad phosphorylation and subsequent re- or it may indicate that another ligand also provides a
lease from receptors does not occur efficiently until dy- signal. In support of this view is the observation that
namin has excised a budded vesicle, presumably con- P-Mad accumulation is not totally eliminated in gbb1/
taining the activated receptor complex, from the plasma gbb2 null mutant embryos (Figure 1D) as it is in wit mu-
membrane (Garamszegi et al., 2001; Hayes et al., 2002; tants. In addition, we note that while overexpression of
Penheiter et al., 2002). Efficient signaling also requires Gbb in the CNS only weakly rescued P-Mad accumula-
Smad Anchor for Receptor Activation (SARA ), an endo- tion in the CNS, the pattern of accumulation did not
somally localized protein (Tsukazaki et al., 1998; Itoh et appear to change. That is, P-Mad still seems to be found
al., 2002). In Drosophila, there is conflicting data con- primarily in motoneurons. Thus, other neurons do not
cerning the requirement for receptor internalization for appear to be competent to respond to BMP-type li-
signal propagation. Clones of wing disc cells mutant for gands, perhaps because a specific cosignal is absent
the Drosophila 
 adaptin gene are still able to express or because they do not express the right combination
the Dpp target gene spalt, suggesting that endocytosis of receptors.
prior to vesicle formation is not required for signal propa- It is interesting to note that in several other develop-
gation (Gonzalez-Gaitan and Jackle, 1999). However, mental contexts in Drosophila, it appears that at least
expression of a dominant-negative version of Drab5 to
two BMP ligands provide regulatory inputs into a com-
block formation of endocytic vesicles in wing discs has
mon process. For example, in the early embryo, both
recently been shown to at least partially interfere with
Screw and Dpp synergize to help specify formation of
Dpp signaling (Moreno et al., 2002). Since clonal analysis
the amnioserosa tissue (Arora et al., 1994; Nguyen etrequires that preexisting protein be depleted before
al., 1998). Likewise, during larval stages, both Dpp andphenotypic consequences are manifested, while the
Gbb contribute to growth and patterning of the imaginaldominant-negative methodology does not, it may be
discs (Haerry et al., 1998; Khalsa et al., 1998; Ray andthat perdurance of 
 adaptin protein in clones obscured
Wharton, 2001). In each of these examples, Punt ap-the involvement of endocytosis for Dpp signaling. Thus,
pears to be a common type II receptor utilized by bothit is possible that like TGF-, BMP-type signals may also
ligands, while Tkv and Sax appear to preferentially signalemanate from a signaling endosome. Consistent with
with one ligand versus the other. Since the developmentthis view is the observation that overexpression of the
of the NMJ synapse also requires both Tkv and Sax,SARA FYVE endosomal localization domain has been
then this may signify the involvement of two differentshown to disrupt BMP-induced transcriptional re-
ligands. Consistent with this view is the observation thatsponses in HeLa cells (Itoh et al., 2002).
in cell culture Gbb can signal through Punt, but PuntOf particular relevance to the involvement of endo-
cannot substitute for Wit when overexpressed in neu-somes in mediating BMP signaling at synapses is the
rons (Marque´s et al., 2002). The simplest explanationrecent observation that mutations in the spinster (spin)
for the failure of cross rescue is that Wit binds anothergene greatly enhance synaptic growth (Sweeney and
ligand that Punt does not recognize and that this ligandDavis, 2002). Spin is a putative multipass transmem-
cooperates with Gbb to regulate NMJ synapse develop-brane protein localized to the late endosomes/lyso-
ment.somes. Mutations in spin disrupt the morphology of late
Searches of the Drosophila genome database haveendosomes and lead to a 2-fold overgrowth in bouton
revealed the presence of seven TGF--type ligands. Ofnumber at the NMJ. This overgrowth can be suppressed
these Dpp, Gbb, and Scw are the only clear BMP-typeby mutations in wit, suggesting that elimination of Spin
ligands by phylogenetic criteria, and since neither Dppleads to enhanced BMP signaling. Although the molecu-
nor Scw is expressed in muscles, neither appears to belar mechanism responsible for the increased signal is
a good candidate for a possible Gbb cosignal at theunclear, the combined data support the idea that BMP
signaling is likely modulated by intracellular trafficking NMJ. Of the remaining four ligands, activin and activin-
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of 11 ml of medium. After 4 days, supernatants were collected fromlike protein appear to signal through Babo and dSmad2
these cultures and added to responder cells. To produce respondercomponents of the Drosophila activin/TGF--like path-
cultures, 2  107 cells were transfected with 2.5 g of FLAG-Mad,way (Zheng et al., 2003; T.E.H. and M.B.O., unpublished
AcpA-Gal4, and individual pUAST dominant-negative receptor con-
data) and therefore are not good candidates for a cosig- structs or pUAST as a control (10 g of total DNA). After 4 days,
nal. In contrast, both Myoglianin and Maverick are ex- the cells expressing individual dominant-negative receptors were
distributed into four vials and incubated for 4 hours with 10 ml ofpressed in muscles (Lo and Frasch, 1999; Nguyen et al.,
supernatant from cells expressing DPP, GBB, or no ligand (pAcpA).2000) and thus have the correct spatial distribution for
The cells were precipitated and lysed in 40 l of 50 mM Tris-Cl (pH.a cosignal. Myoglianin is most closely related to BMP-
7.0), 150 mM NaCl, 1% Triton-X100. Four times loading dye was11/GDF-8 (Lo and Frasch, 1999), but the signaling mech-
added to each sample, and 15 l were analyzed by Western blotting
anism for neither BMP-11/GDF-8 nor myoglianin has using an anti-Flag M2 antibody (Sigma) at 1/1000 dilution. P-Mad
been established. Maverick, as the name implies, does signals were detected using anti-P-Mad antibody (Cell Signaling) at
1/1000 dilution.not easily fit into one particular subfamily of ligands and
For RNA interference studies, PCR primers for the type II BMPtherefore also remains as a viable candidate for a Gbb
receptor punt were designed that contained the 19 basepair T7cosignal.
promoter sequence at their 5 ends. The sequences of the primersA final issue to consider is what regulates Gbb delivery
were as follows: 5-TAATACGACTCACTATAGGGAGAGACAACGG
at the synapse. Two alternatives seem most probable. GCATCCTGCGC-3 and 5-TAATACGACTCACTATAGGGAGCCG
Either it constitutively bathes the synapse, or it is re- CAGGGCTTGCCTGGCTG-3. A PCR product carrying the T7 pro-
moter sequence at both ends was used as template for in vitroleased in response to a presynaptic stimulus. A third
transcription (T7 MEGAscript kit, Ambion) to generate Punt-specificpossibility, assuming that more than one BMP ligand is
dsRNA. Cells were then cotransfected with plasmids (Mad-FLAG,activating the pathway, is that one of the ligands would
0.5 g/1  106 cells; Wit-HA, 0.5 g/1  106 cells) and/or punt RNAibe constitutively released, acting as a background syn-
(15 g/1  106 cells) and plated at a density of 1.8  106 cells/mL
apse growth stimulus, and the second ligand would be in a six-well plate. After 3 days of incubation at 25C, cells were
released in response to developmental or physiological divided into three fractions. Two fractions were used in a signaling
assay by incubating transfected cells with or without Gbb ligand forstimuli, such as muscle growth or increased synaptic
3 hours at 25C, and levels of P-Mad accumulation were measuredactivity.
as above. In cell extracts, P-Mad levels were visualized using West-
ern blotting and anti-pSmad1 antibody (Cell Signaling) at 1/1000Experimental Procedures
dilution. RNA was extracted from the last fraction and used for RT-
PCR verification that the RNAi had eliminated punt. In brief, totalDrosophila Stocks
RNA was extracted using TRIzol reagent (Invitrogen). cDNA wasThe gbb1, gbb2, and gbb4 mutations are described (Wharton et al.,
synthesized using 1 g total RNA and oligo-dT primers (Ther-1999). The UAS gbb99 construct was obtained from K. Wharton and
moscript RT-PCR kit, Invitrogen). PCR was performed using therecombined onto the gbb1 and gbb2 chromosomes. The neuron
following primers: GGTCTGCTGTCTGATTGGAATCC and GCAGCTdrivers elavGal4 and BG380Gal4, and the muscle-specific driv-
TCTTCATTACCACACTCTC for Punt, and AGCGCGGGTTGTTAAACers mef2Gal4, G14Gal4, and 24BGal4 have been described
and TGGAAGGTTGAGCCTGTGC for Wit. Quantitation of actin levelspreviously (Lin and Goodman, 1994; Budnik et al., 1996; Ranganaya-
was used as an internal control.kulu et al., 1996; Aberle et al., 2002; Brand and Perrimon, 1993). The
UAS 	Gl line is as described (Reddy et al., 1997).
In Situ Hybridization and Immunolocalization
Previously described protocols were used for in situ hybridizationTissue Culture Constructs
(Brummel et al., 1999). The P-Mad antibody for immunolocalizationpAcpA
was obtained from P. ten Dijke and was used at 1/1000 dilution.pBR322 SalI-EcoRI fragment with 2.5 kb Actin5C promoter, poly-
The anti-rabbit secondary was from the Vectastain system (Vectorlinker, and 1 kb 3 end containing a polyadenylation site. Unique
labs) and was used at 1/200 dilution. Embryos were developed forrestriction sites in the polylinker: BamHI, Asp718, StuI, XhoI, SacI,
20 min with the Tyramide fluorescence system (Perkin Elmer) andNotI, NheI, SacII, EcoRI, BglII.
viewed with a Zeiss Axioplan 2 equipped with a CARV unit for confo-pAcpA-Gal4
cal microscopy. Third instar synapses were stained with synaptotag-An Asp718-NotI fragment from pGaTB was cloned into pAcpA.
min antibody (3H21), as previously described (Lin and Goodman,pAcpA-dpp
1994).A XhoI-SpeI dpp fragment from pMBO1457 was cloned into pAcpA
cut with XhoI and NheI.
Electrophysiology and Ultrastructural AnalysispAcpA-gbb
Intracellular recordings were performed on muscle 6, segment A3A HindIII (blunted)-EcoRI gbb fragment from pNB40-60A was cloned
in dissected third instar larvae as previously described (Petersen etinto a pAcpA cut with StuI and EcoRI.
al., 1997). In brief, larvae were prepared for recording in physiologicalpUAST dominant-negative constructs of tkv1, tkv2, sax, and put
saline HL3 (Stewart et al., 1994) containing 0.6 mM Ca2. Both EJPwere as described (Haerry et al., 1998).
and mEJP amplitudes were measured from the raw data using theUAST-baboAI
peak detection feature of MiniAnalysis program (Synaptosoft, Inc.);UAS-baboA (activated Brummel et al., 1999) was digested with BglII
all events were verified by eye. The amplitude and the frequency ofand Asp718, and two complementary oligonucleotides containing
mEJPs were calculated from continuous recordings in the absencestop sites and a SpeI site were ligated.
of stimulation (60–100 s). Quantal content was estimated by dividingUAST-baboBI
the mean EJP (at least 40 events) by the mean mEJP (at least 100UAS-baboA	I was digested with EcoRI and BglII, and the fragment
events).was replaced with that of the baboA isoform.
UAST WitI
HindIII-SalI fragment of pMBO1869 (Marque´s et al., 2002) cloned Electron Microscopy and Morphometry
into pUAST. The fragment contains amino acids 1–220 and stops EM was carried out as previously described (Aberle et al., 2002). For
before the beginning of the kinase domain. morphometric measurement, individual boutons were approximated
as prolate spheroids in calculating bouton surface area from serial
EM micrographs (Beyer, 1987). Presynaptic membrane detachmentS2 Cell Signaling Assays
To produce ligands, 2  107 cells were transfected with 10 g of in active zones was calculated from a comparison of the length
of presynaptic membrane in close apposition to the postsynapticpAcpA-dpp, pAcpA-gbb, or pAcpA (no insert control) in a volume
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membrane, to the total length of the postsynaptic membrane. All Davis, G.W., and Murphey, R.K. (1994b). Retrograde signaling and
the development of transmitter release properties in the invertebratemembrane length measurements were performed on scanned trac-
ings from micrographs using NIH Image. nervous system. J. Neurobiol. 25, 740–756.
DiAntonio, A., Petersen, S.A., Heckmann, M., and Goodman, C.S.
Acknowledgments (1999). Glutamate receptor expression regulates quantal size and
quantal content at the Drosophila neuromuscular junction. J. Neu-
We thank Kristy Wharton for generously supplying gbb mutant rosci. 19, 3023–3032.
stocks and UAS-gbb constructs. We are grateful to Grace Pangani- Doctor, J.S., Jackson, P.D., Rashka, K.E., Visalli, M., and Hoffmann,
ban and Peter ten Dijke for sending samples of antibodies. We F.M. (1992). Sequence, biochemical characterization, and develop-
acknowledge Tom Hays for suggesting the Dynein disruption experi- mental expression of a new member of the TGF-beta superfamily
ments and we acknowledge Osamu Shimmi for proposing and giving in Drosophila melanogaster. Dev. Biol. 151, 491–505.
advice in the punt RNAi experiments. We thank the Bloomington
Eaton, B.A., Fetter, R.D., and Davis, G.W. (2002). Dynactin is neces-Stock center for Drosophila stocks. B.D.M. was supported by a
sary for synapse stabilization. Neuron 34, 729–741.Wellcome Trust Prize Traveling Fellowship. M.B.O. is an associate
Fitzsimonds, R.M., and Poo, M.M. (1998). Retrograde signaling ininvestigator of the Howard Hughes Medical Institute.
the development and modification of synapses. Physiol. Rev. 78,
143–170.Received: March 21, 2003
Garamszegi, N., Dore, J.J., Jr., Penheiter, S.G., Edens, M., Yao, D.,Revised: May 1, 2003
and Leof, E.B. (2001). Transforming growth factor beta receptorAccepted: June 2, 2003
signaling and endocytosis are linked through a COOH terminal acti-Published: July 16, 2003
vation motif in the type I receptor. Mol. Biol. Cell 12, 2881–2893.
Ginty, D.D., and Segal, R.A. (2002). Retrograde neurotrophin signal-References
ing: Trk-ing along the axon. Curr. Opin. Neurobiol. 12, 268–274.
Aberle, H., Haghighi, A.P., Fetter, R.D., McCabe, B.D., Magalhaes, Gonzalez-Gaitan, M., and Jackle, H. (1999). The range of spalt-
T.R., and Goodman, C.S. (2002). wishful thinking encodes a BMP activating Dpp signalling is reduced in endocytosis-defective Dro-
type II receptor that regulates synaptic growth in Drosophila. Neuron sophila wing discs. Mech. Dev. 87, 143–151.
33, 545–558. Grimes, M.L., Zhou, J., Beattie, E.C., Yuen, E.C., Hall, D.E., Valletta,
Anderson, C.R., Penkethman, S.L., Bergner, A.J., McAllen, R.M., and J.S., Topp, K.S., LaVail, J.H., Bunnett, N.W., and Mobley, W.C. (1996).
Murphy, S.M. (2002). Control of postganglionic neurone phenotype Endocytosis of activated TrkA: evidence that nerve growth factor
by the rat pineal gland. Neuroscience 109, 329–337. induces formation of signaling endosomes. J. Neurosci. 16, 7950–
7964.Arora, K., Levine, M.S., and O’Connor, M.B. (1994). The screw gene
encodes a ubiquitously expressed member of the TGF-beta family Habecker, B.A., Malec, N.M., and Landis, S.C. (1996). Differential
required for specification of dorsal cell fates in the Drosophila em- regulation of adrenergic receptor development by sympathetic in-
bryo. Genes Dev. 8, 2588–2601. nervation. J. Neurosci. 16, 229–237.
Asmus, S.E., Parsons, S., and Landis, S.C. (2000). Developmental Habecker, B.A., Symes, A.J., Stahl, N., Francis, N.J., Economides,
changes in the transmitter properties of sympathetic neurons that A., Fink, J.S., Yancopoulos, G.D., and Landis, S.C. (1997). A sweat
innervate the periosteum. J. Neurosci. 20, 1495–1504. gland-derived differentiation activity acts through known cytokine
signaling pathways. J. Biol. Chem. 272, 30421–30428.Beattie, E.C., Zhou, J., Grimes, M.L., Bunnett, N.W., Howe, C.L., and
Mobley, W.C. (1996). A signaling endosome hypothesis to explain Haerry, T.E., Khalsa, O., O’Connor, M.B., and Wharton, K.A. (1998).
NGF actions: potential implications for neurodegeneration. Cold Synergistic signaling by two BMP ligands through the SAX and
Spring Harb. Symp. Quant. Biol. 61, 389–406. TKV receptors controls wing growth and patterning in Drosophila.
Development 125, 3977–3987.Beyer, W.H. (1987). CRC Handbook of Mathematical Sciences, Sixth
Edition (Boca Raton, Florida: CRC Press, Incorporated). Haghighi, A.P., McCabe, B.D., Fetter, R.D., Palmer, J.E., Hom, S.,
and Goodman, C.S. (2003). Retrograde control of synaptic transmis-Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as
sion by postsynaptic CaMKII at the Drosophila neuromuscular junc-a means of altering cell fates and generating dominant phenotypes.
tion. Neuron 39, this issue, 255–267.Development 118, 401–415.
Hayes, S., Chawla, A., and Corvera, S. (2002). TGF beta receptorBrummel, T., Abdollah, S., Haerry, T.E., Shimell, M.J., Merriam, J.,
internalization into EEA1-enriched early endosomes: role in signal-Raftery, L., Wrana, J.L., and O’Connor, M.B. (1999). The Drosophila
ing to Smad2. J. Cell Biol. 158, 1239–1249.activin receptor baboon signals through dSmad2 and controls cell
Hoffman, K.B. (1998). The relationship between adhesion moleculesproliferation but not patterning during larval development. Genes
and neuronal plasticity. Cell. Mol. Neurobiol. 18, 461–475.Dev. 13, 98–111.
Huang, E.P. (1997). Synaptic plasticity: a role for nitric oxide in LTP.Budnik, V., Koh, Y.H., Guan, B., Hartmann, B., Hough, C., Woods,
Curr. Biol. 7, R141–143.D., and Gorczyca, M. (1996). Regulation of synapse structure and
function by the Drosophila tumor suppressor gene dlg. Neuron 17, Huang, E.J., and Reichardt, L.F. (2001). Neurotrophins: roles in neu-
627–640. ronal development and function. Annu. Rev. Neurosci. 24, 677–736.
Capovilla, M., Brandt, M., and Botas, J. (1994). Direct regulation of Itoh, F., Divecha, N., Brocks, L., Oomen, L., Janssen, H., Calafat, J.,
decapentaplegic by Ultrabithorax and its role in Drosophila midgut Itoh, S., and ten Dijke, P. (2002). The FYVE domain in Smad anchor
morphogenesis. Cell 76, 461–475. for receptor activation (SARA) is sufficient for localizaqtion of SARA
in early endosomes and regulates TGF/Smad signalling. GenesDavies, S.N., Pertwee, R.G., and Riedel, G. (2002). Functions of
Cells 7, 321–331.cannabinoid receptors in the hippocampus. Neuropharmacology 42,
993–1007. Kang, H., and Schuman, E.M. (1995). Long-lasting neurotrophin-
induced enhancement of synaptic transmission in the adult hippo-Davis, G.W., and Goodman, C.S. (1998a). Genetic analysis of synap-
campus. Science 267, 1658–1662.tic development and plasticity: homeostatic regulation of synaptic
efficacy. Curr. Opin. Neurobiol. 8, 149–156. Kaplan, D.R., Hempstead, B.L., Martin-Zanca, D., Chao, M.V., and
Parada, L.F. (1991a). The trk proto-oncogene product: a signal trans-Davis, G.W., and Goodman, C.S. (1998b). Synapse specific control
ducing receptor for nerve growth factor. Science 252, 554–558.of synaptic efficacy at the terminals of a single neuron. Nature 392,
82–85. Kaplan, D.R., Martin-Zanca, D., and Parada, L.F. (1991b). Tyrosine
phosphorylation and tyrosine kinase activity of the trk proto-onco-Davis, G.W., and Murphey, R.K. (1994a). Long-term regulation of
gene product induced by NGF. Nature 350, 158–160.short-term transmitter release properties: retrograde signaling and
synaptic development. Trends Neurosci. 17, 9–13. Khalsa, O., Yoon, J.W., Torres-Schumann, S., and Wharton, K.A.
gbb Retrograde Signal
253
(1998). TGF-beta/BMP superfamily members, Gbb-60A and Dpp, Kandel, E.R. (1996). Recombinant BDNF rescues deficits in basal
synaptic transmission and hippocampal LTP in BDNF knockoutcooperate to provide pattern information and establish cell identity
in the Drosophila wing. Development 125, 2723–2734. mice. Neuron 16, 1137–1145.
Klein, R., Jing, S.Q., Nanduri, V., O’Rourke, E., and Barbacid, M. Penheiter, S.G., Mitchell, H., Garamszegi, N., Edens, M., Dore, J.J.,
(1991). The trk proto-oncogene encodes a receptor for nerve growth Jr., and Leof, E.B. (2002). Internalization-dependent and -indepen-
factor. Cell 65, 189–197. dent requirements for transforming growth factor beta receptor sig-
naling via the Smad pathway. Mol. Cell. Biol. 22, 4750–4759.Kreitzer, A.C., and Regehr, W.G. (2002). Retrograde signaling by
endocannabinoids. Curr. Opin. Neurobiol. 12, 324–330. Petersen, S.A., Fetter, R.D., Noordermeer, J.N., Goodman, C.S., and
DiAntonio, A. (1997). Genetic analysis of glutamate receptors inLandmesser, L.T. (1998). Synaptic plasticity: keeping synapses un-
Drosophila reveals a retrograde signal regulating presynaptic trans-der control. Curr. Biol. 8, R564–567.
mitter release. Neuron 19, 1237–1248.
Levi-Montalcini, R. (1987). The nerve growth factor 35 years later.
Raftery, L.A., and Sutherland, D.J. (1999). TGF-beta family signalScience 237, 1154–1162.
transduction in Drosophila development: from Mad to Smads. Dev.Lin, D.M., and Goodman, C.S. (1994). Ectopic and increased expres-
Biol. 210, 251–268.sion of Fasciclin II alters motoneuron growth cone guidance. Neuron
Ranganayakulu, G., Schulz, R.A., and Olson, E.N. (1996). Wingless13, 507–523.
signaling induces nautilus expression in the ventral mesoderm ofLo, P.C., and Frasch, M. (1999). Sequence and expression of myogli-
the Drosophila embryo. Dev. Biol. 176, 143–148.anin, a novel Drosophila gene of the TGF-beta superfamily. Mech.
Ray, R.P., and Wharton, K.A. (2001). Context-dependent relation-Dev. 86, 171–175.
ships between the BMPs gbb and dpp during development of theMacInnis, B.L., and Campenot, R.B. (2002). Retrograde support of
Drosophila wing imaginal disk. Development 128, 3913–3925.neuronal survival without retrograde transport of nerve growth fac-
Reddy, S., Jin, P., Trimarchi, J., Caruccio, P., Phillis, R., and Mur-tor. Science 295, 1536–1539.
phey, R.K. (1997). Mutant molecular motors disrupt neural circuitsMalenka, R.C., and Siegelbaum, S.A. (2000). Synaptic plasticity: di-
in Drosophila. J. Neurobiol. 33, 711–723.verse targets and mechanisms for regulating synaptic efficacy. In
Riccio, A., Pierchala, B.A., Ciarallo, C.L., and Ginty, D.D. (1997). AnSynapses, C.F. Stevens, ed. (Baltimore, MD: Johns Hopkins Univer-
NGF-TrkA-mediated retrograde signal to transcription factor CREBsity Press), pp. 393–453.
in sympathetic neurons. Science 277, 1097–1100.Marque´s, G., Bao, H., Haerry, T.E., Shimell, M.J., Duchek, P., Zhang,
Ross, J.J., Shimmi, O., Vilmos, P., Petryk, A., Kim, H., Gaudenz, K.,B., and O’Connor, M.B. (2002). The Drosophila BMP type II recptor
Hermanson, S., Ekker, S.C., O’Connor, M.B., and Marsh, J.L. (2001).Wishful Thinking regulates neuromuscular synapse morphology and
Twisted gastrulation is a conserved extracellular BMP antagonist.function. Neuron 33, 529–543.
Nature 410, 479–483.Martin, M., Iyadurai, S.J., Gassman, A., Gindhart, J.G., Jr., Hays,
Schuster, C.M., Davis, G.W., Fetter, R.D., and Goodman, C.S.T.S., and Saxton, W.M. (1999). Cytoplasmic dynein, the dynactin
(1996a). Genetic dissection of structural and functional componentscomplex, and kinesin are interdependent and essential for fast axo-
of synaptic plasticity. I. Fasciclin II controls synaptic stabilizationnal transport. Mol. Biol. Cell 10, 3717–3728.
and growth. Neuron 17, 641–654.Massague, J., Blain, S.W., and Lo, R.S. (2000). TGF-beta signaling
Schuster, C.M., Davis, G.W., Fetter, R.D., and Goodman, C.S.in growth control, cancer, and heritable disorders. Cell 103, 295–309.
(1996b). Genetic dissection of structural and functional componentsMiller, F.D., and Kaplan, D.R. (2001). On Trk for retrograde signaling.
of synaptic plasticity. II. Fasciclin II controls presynaptic structuralNeuron 32, 767–770.
plasticity. Neuron 17, 655–667.
Miller, F.D., and Kaplan, D.R. (2002). Neurobiology. TRK makes the
Senger, D.L., and Campenot, R.B. (1997). Rapid retrograde tyrosineretrograde. Science 295, 1471–1473.
phosphorylation of trkA and other proteins in rat sympathetic neu-
Moreno, E., Basler, K., and Morata, G. (2002). Cells compete for
rons in compartmented cultures. J. Cell Biol. 138, 411–421.
decapentaplegic survival factor to prevent apoptosis in Drosophila
Sheng, M., and Kim, M.J. (2002). Postsynaptic signaling and plastic-wing development. Nature 416, 755–759.
ity mechanisms. Science 298, 776–780.
Neet, K.E., and Campenot, R.B. (2001). Receptor binding, internal-
Stewart, B.A., Atwood, H.L., Renger, J.J., Wang, J., and Wu, C.F.ization, and retrograde transport of neurotrophic factors. Cell. Mol.
(1994). Improved stability of Drosophila larval neuromuscular prepa-Life Sci. 58, 1021–1035.
rations in haemolymph-like physiological solutions. J. Comp. Phys-Newfeld, S.J., Wisotzkey, R.G., and Kumar, S. (1999). Molecular
iol. [A] 175, 179–191.evolution of a developmental pathway: phylogenetic analyses of
Stewart, B.A., Schuster, C.M., Goodman, C.S., and Atwood, H.L.transforming growth factor-beta family ligands, receptors and Smad
(1996). Homeostasis of synaptic transmission in Drosophila withsignal transducers. Genetics 152, 783–795.
genetically altered nerve terminal morphology. J. Neurosci. 16,Nguyen, M., Park, S., Marques, G., and Arora, K. (1998). Interpreta-
3877–3886.tion of a BMP activity gradient in Drosophila embryos depends on
Sweeney, S.T., and Davis, G.W. (2002). Unrestricted synaptic growthsynergistic signaling by two type I receptors, SAX and TKV. Cell 95,
in spinster—a late endosomal protein implicated in TGF--mediated495–506.
synaptic growth regulation. Neuron 36, 403–416.Nguyen, M., Parker, L., and Arora, K. (2000). Identification of maver-
Tao, H.W., and Poo, M. (2001). Retrograde signaling at central syn-ick, a novel member of the TGF-beta superfamily in Drosophila.
apses. Proc. Natl. Acad. Sci. USA 98, 11009–11015.Mech. Dev. 95, 201–206.
Tsukazaki, T., Chiang, T.A., Davison, A.F., Attisano, L., and Wrana,Packard, M., Koo, E.S., Gorczyca, M., Sharpe, J., Cumberledge, S.,
J.L. (1998). SARA, a FYVE domain protein that recruits Smad2 toand Budnik, V. (2002). The Drosophila Wnt, wingless, provides an
the TGFbeta receptor. Cell 95, 779–791.essential signal for pre- and postsynaptic differentiation. Cell 111,
319–330. Verveer, P.J., Wouters, F.S., Reynolds, A.R., and Bastiaens, P.I.
(2000). Quantitative imaging of lateral ErbB1 receptor signal propa-Panganiban, G.E., Reuter, R., Scott, M.P., and Hoffmann, F.M.
gation in the plasma membrane. Science 290, 1567–1570.(1990). A Drosophila growth factor homolog, decapentaplegic, regu-
lates homeotic gene expression within and across germ layers dur- Wang, X.H., and Poo, M.M. (1997). Potentiation of developing syn-
ing midgut morphogenesis. Development 110, 1041–1050. apses by postsynaptic release of neurotrophin-4. Neuron 19,
825–835.Paradis, S., Sweeney, S.T., and Davis, G.W. (2001). Homeostatic
control of presynaptic release is triggered by postsynaptic mem- Watson, F.L., Heerssen, H.M., Moheban, D.B., Lin, M.Z., Sauvageot,
brane depolarization. Neuron 30, 737–749. C.M., Bhattacharyya, A., Pomeroy, S.L., and Segal, R.A. (1999).
Rapid nuclear responses to target-derived neurotrophins requirePatterson, S.L., Abel, T., Deuel, T.A., Martin, K.C., Rose, J.C., and
Neuron
254
retrograde transport of ligand-receptor complex. J. Neurosci. 19,
7889–7900.
Wharton, K.A., Thomsen, G.H., and Gelbart, W.M. (1991). Drosophila
60A gene, another transforming growth factor beta family member,
is closely related to human bone morphogenetic proteins. Proc.
Natl. Acad. Sci. USA 88, 9214–9218.
Wharton, K.A., Cook, J.M., Torres-Schumann, S., de Castro, K.,
Borod, E., and Phillips, D.A. (1999). Genetic analysis of the bone
morphogenetic protein-related gene, gbb, identifies multiple re-
quirements during Drosophila development. Genetics 152, 629–640.
Wheal, H.V., Chen, Y., Mitchell, J., Schachner, M., Maerz, W., Wie-
land, H., Van Rossum, D., and Kirsch, J. (1998). Molecular mecha-
nisms that underlie structural and functional changes at the postsyn-
aptic membrane during synaptic plasticity. Prog. Neurobiol. 55,
611–640.
Wilson, R.I., and Nicoll, R.A. (2002). Endocannabinoid signaling in
the brain. Science 296, 678–682.
Wodarz, A., Hinz, U., Engelbert, M., and Knust, E. (1995). Expression
of crumbs confers apical character on plasma membrane domains
of ectodermal epithelia of Drosophila. Cell 82, 67–76.
Wright, J.W., Kramar, E.A., Meighan, S.E., and Harding, J.W. (2002).
Extracellular matrix molecules, long-term potentiation, memory con-
solidation and the brain angiotensin system. Peptides 23, 221–246.
Yano, H., Lee, F.S., Kong, H., Chuang, J., Arevalo, J., Perez, P.,
Sung, C., and Chao, M.V. (2001). Association of Trk neurotrophin
receptors with components of the cytoplasmic dynein motor. J.
Neurosci. 21, RC125.
Zheng, X., Wang, J., Haerry, T.E., Wu, A.Y.-H., Martin, J., O’Connor,
M.B., Lee, C.-H.J., and Lee, T. (2003). TGF- signaling activates
steroid hormone receptor expression during neuronal remodeling
in the Drosophila brain. Cell 112, 303–315.
Zito, K., Parnas, D., Fetter, R.D., Isacoff, E.Y., and Goodman, C.S.
(1999). Watching a synapse grow: noninvasive confocal imaging of
synaptic growth in Drosophila. Neuron 22, 719–729.
